gyne incognita (Kofoid & White) Chitwood] within individual fi elds for site-specifi c application of nematicides. Evaluation of postharvest cotton roots for galling severity due to RKN may be an alternative to soil analysis for nematodes for developing these maps. The main objectives of this study were to determine the relationship between yield of cotton and root galling severity the year before planting, and the estimated costs per hectare for rating root galling severity compared with that of conventional soil sampling using a 15-m grid spacing. There was a signifi cant negative correlation between root galling severity in October and cotton yield the next 2 yr, indicating galling severity may be a useful indicator of the potential threat of RKN to crop performance for more than 1 yr. The estimated costs for assessing galling severity, $183 ha -1 , were much less than for soil analysis for nematodes, $968 ha -1 . Unfortunately, maps based on galling severity will only be useful guides for site-specifi c application of nematicides if RKN is the only economically important cotton parasitic nematode present. More accurate and less expensive ways of sampling for RKN are needed to identify within-fi eld areas where the risk of nematode-induced yield loss is high.
States, M. incognita reduced cotton yield approximately twice as much as all other nematode parasites of this crop, and the biology and management of this pest has recently been reviewed (Koenning et al., 2004) .
Farmers have tolerated cotton yield loss due to RKN because they had few eff ective nematode control options. Resistant cotton cultivars are not available and cultural practices, such as crop rotation, planting winter cover crops, and minimum tillage systems have not been helpful for management of this nematode (Koenning et al., 2004) .
At-plant applications of the nematicide aldicarb (Temik) and preplant applications of the nematicide 1,3-dichloropropene (Telone II) have been the most commonly-used strategy for mitigation of RKN-induced crop loss. Farmers generally apply a uniform rate of nematicide across entire fi elds to protect cotton against nematodes. However, fi eld-wide application of nematicides is generally rather ineffi cient because the nematodes are not uniformly distributed within most fi elds (Monfort et al., 2007; Wheeler and Kaufman, 2003; Wrather et al., 2002) . The expense and environmental risk of fi eld-wide application of nematicides could be reduced if these products were applied only to areas within fi elds where infestations are suffi ciently high to warrant nematode control. Cotton farmers need a reliable, accurate, and inexpensive method for determining the potential threat of RKN to cotton within individual fi elds. Grid-maps of RKN distribution can be developed for each fi eld through nematode analysis of soil samples collected postharvest. However, relatively small grids (0.1-ha spacing) may be necessary, and the expense and feasibility of timely completion of sampling and conducting appropriate laboratory assays can be prohibitive (Wrather et al., 2002) .
Evaluation of cotton roots for RKN galls at harvest is the most diagnostic characteristic of an M. incognita infection (Goodell et al., 1996; Koenning et al., 2004) and may be an alternative to soil analysis for nematodes for mapping RKN distribution in fi elds. Root galling provides an immediate visual indication both of the distribution of the nematodes within the fi eld and the severity of the nematode-induced crop damage without the need for soil sampling and laboratory analysis. The objectives of this project were (i) to determine the relationship between yield of cotton and soil population density of M. incognita juveniles at planting (P i ) and postharvest soil population density of M. incognita juveniles (P f ) and root galling severity the year before planting, (ii) to determine the percent of roots that should be examined for galling within a fi eld site or grid to estimate galling severity with 95% confi dence of true galling severity, (iii) to determine if grid sampling at 15-m spacing for root galling severity was close enough to develop an interpolated map of root galling severity, and (iv) to compare the estimated costs per hectare for rating root galling severity with that of conventional soil sampling on grids for determining potential for damage to the subsequent crop.
MATERIALS AND METHODS
A 3.6-ha portion of a fi eld near Hornersville, MO, was selected as the study site. The soil was a fi ne-silty, mixed, thermic, Aeric Ochraqualfs and was 67% sand, 13% silt, and 20% clay. The fi eld had been planted to cotton from 1991 through 2001, was known to be infested with RKN, and the RKN distribution was spatially aggregated.
The study site was subdivided into 156 grid points, 15 m spacing, soon after cotton harvest in October 2001. At each grid point, 10 soil cores (2.5 cm diameter × 20 cm deep) were arbitrarily collected from a 2 m 2 area. The soil cores were composited, and nematodes were extracted from a 250-cm 3 subsample by semiautomatic elutriator and centrifugation (Barker, 1978) . Plant parasitic nematodes were identifi ed to genus. Secondstage juveniles ( J2) of RKN were assumed to be M. incognita because of the history of cotton in the fi eld and because other species of Meloidogyne do not reproduce on cotton (Koenning et al., 2004) . A portion of each soil sample was analyzed for percentage sand, silt, and clay. Ten arbitrarily selected cotton plants were dug from the 2-m 2 area at each grid point in October 2001 and 2007, and the roots of each were evaluated for galling severity due to RKN using a 1 to 6 rating system where 1 = no galls and 6 = 100% of the total root system galled (Barker, 1978) . The upper tap root and lower stem of each plant were split and examined for discoloration due to Verticillium and/or Fusarium wilt (Bell, 2001; Colyer, 2001) .
Twelve of the 156 grid points were selected for plots because of similarity in soil percentage sand, silt, and clay, and diff erences in cotton root gall severity in October 2001. The galling severity at these grid points ranged from 1 to 6, with the average severity of 1 to 2 in four of the plots, 3 to 4 in four plots, and 5 to 6 in four plots. The plots were one row wide (0.97-m row spacing) and 6 m long, and were established at the same location in both 2002 and 2003. Nematicides were not applied to these plots.
The fi eld was planted to DPL 451 (Delta Pine and Land Company, Scott, MS) on 10 May 2002 and 12 May 2003. A professional consultant surveyed the crop weekly during the growing season for pests, and insecticides and herbicides were applied based on the survey results. The consultant also made suggestions to the farmer about application of fertilizer, growth regulators, defoliants, and irrigation.
Soil samples for preplant (P i ) nematode counts were collected from plots immediately before planting in May 2002 and 2003. Soil samples for harvest (P f ) nematode counts were collected from plots immediately after harvest in October 2002. Soil samples were collected and processed as previously described. All cotton plants (90-120 plants) were collected from each plot after harvest in October 2002 and evaluated for root galling severity as previously described. The true galling severity for a plot was assumed to be the average galling severity for all plants in the plot. Seed cotton from each plot was collected by hand harvest in 2002 and 2003, and yield of seed cotton per hectare was calculated.
To test whether a 15-m sampling grid was suffi ciently close for creating interpolated maps of root galling severity, (Table 2) , indicating galling severity may be a useful indicator of the potential threat of RKN to crop performance.
The half width confi dence interval (HWCI) for an estimate of root galling severity to true galling severity declined as the percentage of plant roots examined increased (Table 3) . For example, a galling estimate using a 1 to 6 severity scheme at a location would be ±2.58 of true galling severity if 3% of the roots were examined and ±0.30 of true galling severity if 50% of roots were examined.
Using a 15-m sampling grid, root gall severity in October 2001 was too variable between adjacent grid points to observe any spatial dependence, that is, the galling severity at any grid point was independent of the severity at any other grid point. The same grid points were sampled for root galling severity after the cotton harvest in October 2007, and severity was again too variable between adjacent grid points to observe any patterns in severity distribution. The mean galling severity October 2001 was 1.93, and the severity ranged from 1.7 to 2.1 with 95% confi dence. Root galling severity at most grid points was less in October 2001 than October 2007 when the mean gall severity was 3.66 and ranged from 3.4 to 3.8 with 95% confi dence.
The cost of collecting and analyzing soil samples for nematode juveniles on a 15-m grid was estimated to be $968 ha -1 (44 samples ha -1 at $2 per sample for collection geostatistical analysis of root galling severity was performed for the October 2001 sampling date (Wrather et al., 2002) . For this analysis, a semivariagram was created that showed semivariation (half the variation) between pairs of points (y axis) relative to the distance between those points (x axis). Typically, a number of pairs at the same distance are averaged. If the semivariation for the various separation distances examined is approximately the same, then the interpretation is that information obtained at any grid point is independent of the information at any other grid point. If semivariation increases with increasing separation distance, the interpretation is that the grid spacing is close enough to capture spatial dependence information between the points. Spatial dependence of gall severity at this site was evaluated using SAS software (SAS Institute, Cary, NC). When spatial dependence between sample points was evident, linear, spherical, and exponential models were tested and the best-fi tting model was identifi ed using least-squares procedure selecting the model with the greatest R 2 . To determine with 95% confi dence of the true galling severity the percentage of plant roots that should be examined for galls at a site, a Monte Carlo simulation program was used with SAS to determine how close diff erent random sample sizes were to the true mean of galling severity at a site (mean rating of all plant roots for galls at a site). The SAS PROC CORR procedure was used to determine the correlations between seed cotton yield and P i , P f , and root gall severity.
To compare the estimated costs per hectare for rating root galling severity with that of conventional soil sampling on grids for determining potential for damage to the subsequent crop, some known and some assumed values were used. We knew the University of Missouri Nematode Diagnostic Laboratory charged $20 per sample for nematode analysis. We assumed consultants would charge $2 per soil sample for collection, $50 h -1 for crop consultant labor, and they would examine about 10% of plant roots for galling at a site.
RESULTS
Other than Meloidogyne, only Paratichodorus spp. and Xiphinema spp. were found in this site, but the population density of these nematodes never exceeded 30 juveniles per 250 cm 3 soil at any sampling date (data not shown). The economic importance of these genera on cotton has not been determined (Koenning et al., 2004) , and they are not considered damaging to cotton in Missouri (Wrather et al., 1992) . Meloidogyne incognita was found in most but not all plots. The soil population density of M. incognita J2 in samples collected ranged from 0 to 227 per 250 cm There was no signifi cant correlation between either P i or P f soil population density of M. incognita and cotton yield in 2002 or 2003 ( Table 1 ), indicating that nematode population density was not a useful indicator of the potential threat of RKN to crop performance. There was, and $20 per sample for nematode analysis at the University of Missouri Nematode Diagnostic Laboratory). Consultants currently charge Missouri cotton farmers about $2 per sample to collect soil. Conversely, the estimated cost of analysis of 10% of plant roots for galling severity on a 15-m grid was $183 ha -1 (44 samples ha -1 at $4.00 per sample). This estimate was based on expected time needed to evaluate plant galling severity by a consultant (about 5 min to walk from site to site, dig roots, and examine roots for gall severity) and $50 h -1 for crop consultant labor. The cost for consultants may be higher or lower in other states.
DISCUSSION
The variation in M. incognita population density among grid points at this site was similar to that reported by others (Wrather et al., 2002) and was likely due to multiple factors. Although the overall soil percentages of sand, silt, and clay were similar in the soils at this site, other edaphic or environmental factors, such as percentage of very coarse, coarse, fi ne, and very fi ne sand may have varied among grid points and infl uenced the development of M. incognita. These data were not collected for this study. These soil characteristics can infl uence the ecology and distribution of M. incognita (Koenning et al., 1996; Prot and Van Gundy, 1981; Robinson et al., 1987) .
The absence of a signifi cant correlation between P i , P f , and cotton yield was probably because the J2 population densities at these times did not accurately refl ect the actual damage potential of RKN to cotton. Detection of M. incognita juveniles in the spring is diffi cult because winter mortality of eggs and J2 can be very high (Barker and Imbriani, 1984) , and cool soil (about 16-19°C) slows egg hatch. Farmers in the upper Mississippi delta region must plant cotton in late April and early May for best yield (Wrather et al., 2008) , and the soil temperatures during this period are generally 15 to 20°C. Eggs of M. incognita represent a major portion of the overwintering nematode population (Jeger et al., 1993; Starr and Jeger, 1985) , and accurate techniques for detection of eggs or egg masses free in soil have not been developed (Starr, 1993) . The soil population of J2 at harvest may not refl ect the actual damage potential of RKN to cotton because of extreme variability in hatch of eggs over time at harvest. The population density of M. incognita J2 in soil varied signifi cantly among biweekly sample dates from early October to late November in the upper Mississippi delta region (P. Donald, USDA-ARS, 2008, personal communication) . This variability was probably the reason for poor correlation between P f and yield of subsequent cotton crops in this study.
The results of this study are the fi rst to show that assessment of root galling severity due to RKN is an alternative to soil analysis for P i or P f for developing fi eld maps showing areas of potential high risk to RKN. Galling severity ratings were more reliable for estimating M. incognita actual damage potential to cotton than soil population density of J2 in this study. The estimated costs for assessing galling severity, $183 ha -1 , were much less than for assessing soil population density of J2, $968 ha -1
. The results of an exam of plant roots for galling severity were available immediately compared with waiting sometimes weeks for the results of soil analysis for J2 population, so maps of RKN density based on galling severity could be available immediately after harvest for use by farmers for site-specifi c application of nematicides such as Telone II. In addition, our study implies that maps of M. incognita based on galling severity may be eff ective indicators of areas of potentially high risk for at least 2 yr after they are developed. As a result, the costs for assessing galling severity may be amortized over 2 yr so the costs will be less than $183 ha -1 each year. More work is needed to determine the correlation between galling severity and cotton yield the third and subsequent years following the year ratings are collected.
The estimate of cost for developing a root galling severity rating at a grid point was based on an exam of 10% of plants. Clearly, the HWCI and the cost for developing a root galling severity rating at a grid point based on an exam of 50% of plants would be greater than an exam of 10% of plants. In this study, the greatest expense for estimating galling severity was the time to dig roots and examine them for galls. For a rating scale of 1 to 6, a HWCI ≥ 0.5 (i.e., a confi dence interval wider than 1 rating point) may not provide the precision necessary for site specifi c application of nematicides. Therefore, interpolating the values in Table  3 suggests that a minimum of 22% of the plant roots should be examined for galling for a reliable estimate. Other work is needed to determine the accuracy of galling severity estimates most suitable and this may vary among fi elds due to soil characteristics. Information about the relationship between galling severity at harvest and subsequent cotton crop yield diff erences between cotton treated preplant with Telone II and not treated may be useful for understanding the accuracy of galling severity estimates needed. The consultant using this system must consider the costs of analysis and accuracy needed when determining the percent of plant roots to examine at a grid point.
A 15-m spacing between grid points for analysis of soil for juveniles and analysis of roots for galling severity was not close enough to provide evidence of spatial dependence between points with any statistical confi dence. Geostatistics may provide accurate maps of soil juveniles or root galling severity, but grid spacing may need to be closer than is economically practical. Interpolated maps will be necessary for site specifi c application of variable rate nematicides, but application of multiple variable rates of nematicides may not be essential for adequate management of RKN. A map showing hot spots of RKN may be suffi cient for guiding site specifi c application of single rate nematicides (Evans et al., 2002) . Unfortunately, maps based on galling severity will only be useful guides for site-specifi c application of nematicides or other remediation tactics if M. incognita is the only economically important cotton parasitic nematodes present. Soil analysis for juveniles of all plant parasitic nematodes will be necessary if the presence of other nematodes is known, or suspected. In a mixed population of M. incognita and Rotylenchulus reniformis, the reniform nematodes might be managed by rotating corn (Zea mays L.) with cotton or by planting R. reniformis resistant soybean cultivars in rotation with cotton (Koenning et al., 2004) . The population of reniform nematodes could be reduced below the threshold so that site-specifi c application of nematicides for RKN management could be guided with distribution maps based on root galling severity.
More accurate and less labor-intensive and expensive ways to identify within-fi eld areas where the risk of nematode-induced yield loss is high are needed (Starr et al., 2007) . An alternative to soil sampling for elucidating cotton-parasitic nematode distribution and quantifying population density may be the use of galling ratings, particularly in fi elds where M. incognita is the only economic nematode present, or in regions or soil types where the probability of this nematode being the only economically signifi cant nematode is high. Although the correlation between nematode density distribution and soil type has received considerable attention (Noe and Barker, 1985; Monfort et al., 2007) , relationships between nematode population densities and other factors that could be important within-fi eld are not known. Emerging precision technology including mapping soil electrical conductivity, remote images of cotton growth, and remote images of bare soil may be very useful in detecting variations in nematode population density within fi elds and should be explored in the search for a more eff ective and less expensive means of assessment of plant damaging populations of cotton parasitic nematodes.
